We explore the formation and evolution of the black hole X-ray binary system M33 X-7. In particular, we examine whether accounting for systematic errors in the stellar parameters inherent to single star models, as well as the uncertainty in the distance to M33, can explain the discrepancy between the observed and expected luminosity of the ∼ 70 M ⊙ companion star. Our analysis assumes no prior interactions between the companion star and the black hole progenitor. We use four different stellar evolution codes, modified to include a variety of current stellar wind prescriptions. For the models satisfying the observational constraints on the donor star's effective temperature and luminosity,we recalculate the black hole mass, the orbital separation, and the mean X-ray luminosity. Our best model, satisfying simultaneously all observational constraints except the observationally inferred companion mass, consists of a ∼ 13 M ⊙ black hole and a ∼ 54 M ⊙ companion star. We conclude that a star with the observed mass and luminosity can not be explained via single star evolution models, and that a prior interaction between the companion star and the black hole progenitor should be taken into account.
Introduction
M33 X-7 is the first stellar-mass black hole (BH) discovered in an eclipsing X-ray binary system (XRB). Orosz et al. (2007) constrained the mass to be ∼ 15.65 M ⊙ for the BH and ∼ 70 M ⊙ for the O-star companion. The orbital period (P ) of ∼ 3.45 days was determined by Pietsch et al. (2006) . The distance has been measured to be between ∼ 840 kpc (Orosz et al. 2007 ) and ∼ 960 kpc (Bonanos et al. 2006) . Table 1 and 2 summarize other system's parameters relevant to our analysis. It is challenging to make such a tight system with such a massive BH through standard BH-XRB formation channels. The current idea is that the BH 2 Valsecchi et al. Table 2 . Luminosity and X-ray luminosity of M33 X-7 for the distances adopted by Orosz et al. (2007) and Bonanos et al. (2006) . The mean value for the X-ray luminosity according to Orosz et al. (2007) has been calculated from Liu et al. (2008) . Orosz et al. (2007) Bonanos et al.
currently accretes mass from the wind of the O-star companion. Mass transfer through Roche-lobe overflow (RLO) is excluded by the extreme mass ratio (q ∼ 4.5) since RLO would be dynamically unstable and lead to a rapid merger of the two stars. Orosz et al. (2007) also reported that the companion star is less luminous than what is expected from single star models. Because of the instability of mass transfer, this discrepancy cannot be explained by a past RLO phase from the O-star to the BH (mass transfer on the thermal time scale of the mass donor in particular is known to produce underluminous donor stars).
Modelling the System
The goal of our analysis is to explore whether the observed system parameters, in particular the underluminous nature of the BH companion, can be explained via single star models when systematic errors in the star's parameters inherent to stellar evolution codes, as well as uncertainties in the distance to M33, are taken into account. We evolve a range of single star models accounting for mass loss through stellar winds, and extract the mass (M don ) and radius (R don ) when the model matches the observed effective temperature (T eff ) and luminosity (L don ). We consider both the luminosity reported by Orosz et al. (2007) for a distance to M33 of ∼ 840 kpc and a luminosity rescaled to the distance to M33 of ∼ 964 kpc reported by Bonanos et al. (2006) (Table 2 ). Given the mass of the secondary when the model matches the observed T eff and L don we recalculate the mass of the BH (M BH ) from the observed mass function (f (M BH )) and inclination (i).
Next we calculate the orbital separation (a), the secondary's Roche-lobe radius, and the X-ray luminosity (L X ). We restrict our investigation to those stars that are currently not filling their Roche-lobe.
Uncertainties in Modeling Massive Stars
The main uncertainties in the single star evolution models are the wind massloss rates and systematic errors in radius, luminosity and effective temperature inherent to stellar evolution codes (see Figure 1 for an example). We therefore use four different codes modified to include an up-to-date spectrum of stellar wind prescriptions (Hurley et al. 2000; Vink et al. 2001 , and references therein). We then take into account the difference in the calculated radii, effective temperatures and luminosities for every considered single star model. To account for the uncertainty in the observed metallicity (Z), we consider models with metallicities ranging from Z = 0.05 Z ⊙ to Z = 0.5 Z ⊙ , but in the present paper we present results only for Z = 0.2 Z ⊙ .
The Mass of the O-Star From Single Stars Models at Z = 0.004
The current observational constraints on the companion's radius, luminosity and effective temperature, narrow the range of possible masses that can be considered. Figure 2 shows HR diagram for different initial secondary masses calculated with the EZ and SSE stellar evolution codes. The SSE tracks cross the observed range of T eff one time. The EZ tracks cross the observed T eff three times, with the third crossing being in the Hertzsprung gap (HG). Given the low probability of observing a star in the HG we do not consider the third crossing any further. Using a distance to M33 of ∼ 840 kpc, the observed luminosity and effective temperature constraints can be satisfied by masses up to 49 M ⊙ for the 1 st crossing found with both SSE and EZ, while the constraints can only be satisfied by masses up to 46 M ⊙ for the 2 nd crossing found with EZ. Assuming a distance of ∼ 960 kpc , the constraints can be satisfied by masses up to 59 M ⊙ for the 1 st crossing found with both SSE and EZ, while the constraints can only be satisfied by masses up to 56 M ⊙ for the 2 nd crossing found with EZ.
Results and Conclusions
The main results of our analysis are summarized in Figure 3 and in Table 3 . If we assume a distance to M33 of ∼ 840 kpc, the maximum value for the Xray luminosity calculated with EZ is ∼ 1.2 × 10 38 erg/s, which is in agreement with the observed value at this distance to within a factor of ∼ 1.2. On the other hand, adopting a distance of ∼ 960 kpc, the maximum X-ray luminosity calculated with EZ is ∼ 2.65 × 10 38 erg/s which is in agreement within the error bars with the observed X-ray luminosity at this distance. As far as the O-star mass is concerned, the highest initial companion masses satisfying the effective temperature and luminosity constraints at ∼ 840 kpc are 50 M ⊙ and 46 M ⊙ for SSE and EZ respectively. On the other hand, assuming a distance of ∼ 960 kpc, we can consider masses up to 59 M ⊙ and 56 M ⊙ for SSE and EZ, respectively. Therefore, a zero-age main-sequence star (ZAMS) of 56 M ⊙ is the most massive single star model that satisfies simultaneously the observational constraints on the effective temperature, donor luminosity and X-ray luminosity. The calculated masses for this model for the O-star and the BH are ∼ 54 M ⊙ and ∼ 13 M ⊙ , respectively. We conclude that a companion star of 70 M ⊙ with the observed luminosity (log(L don /L ⊙ )∼ 5.72) can not be explained via single star evolution models. Accounting for systematic errors in radius, luminosity and effective temperature inherent to stellar evolution codes, as well as uncertainties in the distance to M33 does not solve this discrepancy.
Present and Future Work
It is important to emphasize that our analysis treats the companion star as a single star, and does not account for any interaction between the companion star and the BH progenitor. Since single star models can not explain the observed properties of the O-star, the system likely underwent a mass transfer phase during which the BH progenitor filled its Roche-lobe and transferred mass to the O-star. Braun & Langer (1995) shown that, depending on the efficiency of semi-convective mixing, such a mass transfer phase can lead to underluminous Accounting for the derived upper limits on the initial secondary mass for the 2 nd crossing of the observed T eff constraints (see Figure 2) , we could only consider ZAMS masses up to 56 M ⊙ .The dashed horizontal line represents the observed X-ray luminosity. 
